Now, effects of the ferroelectricify are focussed on the rearrangement of the spin-resolved band structures of FMG as a way of controlling the spin configuration by means of electric fields. Figure 1 shows effects of the ferroelectricity on the vertical tunneling phenomena stage by stage. i) For V b = 0.1 V, the spin-resolved Dirac cones on FMG layers are rearranged by the saturated polarization density, and both spin-up and down tunnelig currents are
generated by the chemical potential difference between FMG layers.ii) When V b decreases to a very small value, the polarization density is still saturated, so that the arrangement of the Dirac cones is not changed.The tunneling current is suppressed by the small bias voltage, but only spin-down states can contribute to the tunneling current by thermally excited Dirac fermions (note the position of the chemical potentials ii) diagram in Figure 1c ). iii) At this state, each FMG layer is fully spin-polarized with opposite spin states, resulting into the suppression of the tunneling current. In this case, the anti-symmetric configuration of FMGs is achieved by electrical means. iv) As V b increases toward the negative direction, an electric field reaches the coercive field E c , resulting in a zero polarization density. Note that, at this stage, the shift of the spin-resolved Dirac cones vanishes due to the absence of the bound charge. v) By keep increasing bias voltage, the sign of the polarization density is reversed, and the tunneling current begin to increase according to the increase in the chemical potential difference between FMG layers. Here, the increasing behavior of the tunneling current for each spin is different from each other because of the aforementioned spin-resolved band model. From the stage vi) to x), V b increases toward the positive direction from the stage v), and the tunneling phenomena follows the same mechanism described from the stage i) to v). Here, let us discuss temperature effects on the spin switching phenomena via gate voltage. discuss temperature effects on the spin transport phenomena through the FMG-NI-FMG heterostructure. The thermal distribution of Dirac fermions on each FMG layer is taken into account by the Fermi-Dirac distribution function in Eq.
Temperature effects on the spin transport and the GER ratio
(2). Figure 2 clearly shows that the contrast in the spin-polarization becomes smaller at high temperatures. This is due to more carriers becoming thermally activated which results in reduced spin-polarization purity of the tunneling current density. However, even at room temperature, it is still expected to observe that the spin-polarization of the tunneling current density can be switched by adjusting gate voltage. Naturally, the GER ratio is also expected to be dependent on temperature. The results shown in Fig. 4 are obtained at the relatively low temperature of 77 K. As discussed, the spin-dependent vertical transport phenomena here are attributed to the spin-resolved band structures of FMG, and sufficient energetic resolution, which is at least smaller than the difference between the spin-resolved band gaps, is essential. Thus, it is anticipated that the GER ratio is reduced by temperature. Figure 3 shows the relationship between temperature dependence on GER ratio, and clearly agree with the anticipated reduction in the GER ratio with increasing temperature.
